[1] The deformation rate of sea ice is a key parameter for determining the evolution of the ice thickness distribution. It determines the rate of new ice formation through opening and the rate of ridging through closing and shear. An extensive suite of ground-based and satellite-based measurements of ice motion is used to construct a daily time series of the ice velocity and deformation in the vicinity of the Surface Heat Budget of the Arctic Ocean (SHEBA) ice camp that is suitable for forcing a model of the ice thickness distribution. The velocity is interpolated to a square grid that remains centered on the camp, has a spacing of 25 km, is 400 km on a side, and is determined for a 371-day period from 2 October 1997 to 7 October 1998. Velocity measurements from buoys, Advanced Very High Resolution Radiometer (AVHRR), Special Sensor Microwave/Imager (SSMI), and Radarsat Geophysical Processing System (RGPS) are merged using optimal interpolation and a Kalman filter approach. The deformation rate is taken directly from the RGPS measurements when available. The daily total deformation rate measured on a scale of 100 km near the camp averaged 2.21% d À1 , and the standard deviation was 1.78% d À1 . The divergence was positive in the early winter and negative through most of the spring and summer. There were two major opening/closing events, one in January and one at the end of July. The net divergence over the year was very near zero. The vorticity indicated a net rotation of 87°over the year, with the winter showing strong anticyclonic turning and the summer showing strong cyclonic turning.
Introduction
[2] The Surface Heat Budget of the Arctic Ocean (SHEBA) experiment consisted of a yearlong drifting ice camp in the Beaufort Sea that was based on and about the Canadian Coast Guard icebreaker Des Groseilliers. The SHEBA camp was established in a dynamic region, near the edge of the perennial ice pack, and drifted 2800 km through the Beaufort Sea over the course of the year (Figure 1) . During the experiment, may buoys were deployed and three different types of satellitebased measurements were made of the ice movement. These data provide a unique opportunity to measure the ice deformation with a level of detail not previously available.
[3] Ice deformation is a key component of the evolution of the ice cover, providing the source of open water, thin ice, and ridges. Any model of the ice cover must include the effects of these processes to estimate the changes in the ice thickness distribution accurately. The thickness distribution is the most important controlling factor for regional heat fluxes, ice growth and melt rates, and ice strength [Maykut, 1982] . The deformation is also interesting in its own right.
What is the magnitude? How does it change over time and space? How is it divided between shear and divergence? What is the seasonal cycle? And where does the surrounding ice go, relative to the camp, over the course of the experiment?
[4] This paper addresses the problem of how to best estimate velocity and deformation fields that would be suitable for driving models of the sea ice in the vicinity of the camp. In order to be useful in this context, these fields need to be complete in time and space and to have a sampling period of roughly 1 day, a common time step in ice models [e.g., Hunke and Dukowicz, 1997; Zhang et al., 1998 ]. There is adequate data coverage within about 200 km of the camp and reduced coverage beyond that, so here the focus is on a box 400 km on a side that stays centered on the camp. The grid spacing for the velocity estimates is 25 km, and the temporal interval is 1 day. The deformation rates are computed on a scale of 100 km.
[5] The data on ice motion data are derived from five sources: buoy motion obtained from the International Arctic Buoy Programme (IABP); estimates based on synthetic aperture radar images obtained from the Radarsat Geophysical Processing System (RGPS); estimates based on the Advanced Very High Resolution Radiometer (AVHRR) images obtained from the AVHRR Polar Pathfinder Project; estimates based on the Special Sensor Microwave/Imager (SSMI) data obtained from the Polar Remote Sensing Group at the Jet Propulsion Laboratory; and, finally, estimates of the wind-driven ice motion obtained from the IABP pressure fields.
[6] A variety of ice velocity measurements is required because of the differing error and sampling characteristics of the measurement systems. The buoys have low error variance and excellent temporal sampling, but their spatial distribution is limited. The AVHRR and SSMI measurements often have good spatial coverage and adequate spatial resolution, but their error characteristics are poor for this application and the data are not available for all days. The RGPS has excellent displacement accuracy and spatial resolution, but the temporal sampling varies between 0.4 and 6.0 days and there are no observations available for October 1997. The October gap is significant because the best available ice thickness distribution measurements that might be used to initialize an ice thickness model are from a submarine survey of the ice thickness performed in late September. Hence an estimate of the ice deformation in October is needed to use those ice thickness measurements in a model. [7] This study is organized as follows. First, the various sources of data are discussed, including their spatial and temporal sampling traits and their error characteristics (section 2). Then the techniques are outlined for blending ice motion data and for determining the deformation (section 3).
The techniques include optimal interpolation (OI) and Kalman filtering (KF) procedures. Finally, the ice velocity and deformation estimates are presented (section 4) and conclusions are drawn (section 5).
Data Sources

The Camp's Position
[8] The center of the rigid Lagrangian grid is located at the position of the camp at 1200 UT each day. The camp's position was obtained from the Des Groseilliers bridge log, in which GPS positions were manually entered every 4 hours. The positions were filtered for outliers by the SHEBA Project Office. Comparisons of these positions to the positions reported by an on-board Argos buoy and to GPS positions recorded in a nearby hut indicate that they are accurate to 200 m or better.
Ice Velocity From the Geostrophic Wind
[9] The temporally and spatially most complete source of ice motion estimates is a simple linear model of the ice velocity based on the geostrophic wind. Thomas [1999] shows that, far from coasts, such a model is more accurate in estimating the ice velocity than a state-of-the-art model that predicts the ice velocity based on a force balance between the air drag, ocean drag, Coriolis force, ocean tilt, and internal stress. The geostrophic winds were derived from the pressure gradient fields computed by the IABP. These 12-hourly fields are available with a grid spacing of roughly 200 km. An estimate of the ice velocity at each of the IABP grid points is obtained from the relationship
where u is the ice velocity, G is the surface geostrophic wind vector (24-hour average), and A and q are seasonally varying scaling and turning coefficients derived by Thomas [1999] . The RMS error of this relationship for 24-hour ice motion measured at the buoys in the SHEBA region is 5.4 km d
À1
, and the squared correlation coefficient is R 2 = 0.58, similar to what Thomas observed in comparisons with a large set of IABP buoys. Because of the large error, the winds play a minor role in this analysis for all except a few days in early October, before most of the buoys were deployed.
Buoys
[10] A variety of different groups deployed buoys during the SHEBA campaign and the drift tracks of these buoys are an important source of ice deformation information. Groups deploying buoys included the Canadian Environmental Service, the National Ice Center, the University of Washington's Polar Science Center, the NOAA Pacific Marine Environmental Laboratory, and the Japan Marine Science and Technology Center. The 12-hourly position data compiled by IABP were used to compute 24-hour mean velocity estimates. Buoys that depend on the Argos system for position estimates have a position uncertainty of 300 m, while those that use GPS have an uncertainty of about 100 m. The error in the displacement vector is 1= ffiffi ffi 2 p times the individual position errors. A total of 22 buoys operated within 400 km of the camp for varying amounts of time during the year. Figure 2a shows the velocity relative to that of the camp determined by Figure 1 . Map of the drift track of the camp and the initial (2 October 1997) and final (7 October 1998) positions of the 400-km box within which ice velocity and deformation estimates are made. SHE 18 -2 each buoy for a single day, and Figure 3a shows the number of daily buoy observations throughout the year.
AVHRR
[11] Ice motion estimates from the AVHRR Polar Pathfinder Project (a National Snow and Ice Data Center data set) were used when available [Maslanik et al., 1997] . These estimates were obtained from pairs of AVHRR images (both visible and infrared channels) obtained 24 hours apart. The displacement of the ice was determined from maximum correlation techniques [Emery et al. 1991 [Emery et al. , 1995 . Clouds often obscure the surface, so the coverage is sometimes limited, especially in the spring (see Figure 3b) . Because of the clouds, no data are available in the summer. Comparisons of the AVHRR-derived ice motion estimates to displacement measurements by buoys indicate the RMS difference is 1.55 km d À1 for spatial separations (distance between the motion vector and the buoy) of less than 12 km, temporal lags of less than 1 hour, and the best uncertainty code (N = 76). This difference implies that the AVHRR measurements have a skill of 92% relative to the variance of the 24-hour ice displacements measured by the buoys, where skill is 1 À mean-square-error/variance. The standard deviation of the buoy displacements is 5.5 km d
À1
. Figure 2 . Sample of observations for day 377 (12 January 1998) showing the velocity of the ice relative to the camp as measured by four systems: (a) Buoys, (b) AVHRR, (c) SSMI, and (d) RGPS SHEBA special data set. For the buoys, the velocity is calculated from the 24-hour displacement. For AVHRR, the velocity is for 24 hours starting at day 376.98. For the SSMI, it is the 2-day velocity measured from day 376 to day 378. For the RGPS, it is the velocity from day 376.70 to day 378.73. The 5-km RGPS velocity vectors are plotted only every 25 km.
[12] The 24-hour AVHRR displacements can be shifted by up to 12 hours from our nominal 0000 -2400 UT period, so the assigned error of the measurement must be increased to account for this temporal mismatch. To account for the spatial and temporal differences in the measurements, a least squares linear model is fit to the difference between the buoy motion and the AVHRR-derived motion. The model is
where L is the separation difference (km), ÁT is the time offset (days), and e is the uncertainty code (0.4 to 1.0 with 0.4 for the best estimates). While the explained variance is very small (R 2 = 0.04) all the coefficients are significant at the 99% level because of the large number of observations (N = 33,421) . The uncertainty in the measurement is then just the value computed by equation (2) with L = 0. A set of sample velocities, relative to the camp, is shown in Figure  2b , and Figure 3b shows the number of daily AVHRR reports within 400 km of the camp from throughout the year. Only in December, January, and February are the reports abundant.
SSMI
[13] An additional source of ice motion estimates is the SSMI passive microwave instrument that flies on the Defense Meteorological Satellite Program satellites. The ice motion data used here were produced by the Polar Remote Sensing Group at the Jet Propulsion Laboratory, California Institute of Technology ]. They are based on the 85-GHz channel and represent displacements measured over approximately 2 days. The SSMI radiances, upon which the ice motion is calculated, come from daily composites with no time-of-day information included for individual pixels. Thus there is considerable uncertainty in the time of acquisition of the data used in the tracking, an uncertainty that is reflected in the uncertainty in the measured velocities. The displacements are available every 2 days from the first of October to the end of May. The ice cannot be tracked reliably with SSMI in the summer. The vectors are calculated on an 85-km grid, but not all grid points can be tracked. Each successful tracking measurement is given a quality code q from 1 to 7, with 1 being the best and 7 the worst.
[14] The SSMI-derived velocities were compared to 24-hour velocities measured by the buoys monitored by the IABP over a 3-year period, from the fall of 1995 to the spring of 1998. Comparisons of the 24-hour buoy motion centered on the middle day of the 2-day SSMI displacements showed an RMS difference of 3.85 km d À1 for the best quality codes and separation distances less than 100 km (N = 13,020). This implies that the 2-day SSMI displacements have a skill of 51% relative to the 1-day buoy displacements. The RMS difference did not improve with shorter separation distances. Quality codes 4 or higher showed no skill in estimating the 1-day buoy motion, since the RMS difference exceeded the standard deviation of the buoy displacements.
[15] Further comparisons with buoys show that on the day entirely spanned by the 2-day SSMI sample, the measurement error was related to the quality code by
Where two sets of displacements were both used on the days that correspond to the end of one set and the beginning of the next, the measurement error for each set increased to
Although the assigned errors are higher for these days, there are nearly twice as many observations (by using both sets of observations), and the interpolation errors for these days are only slightly higher than for the days that are spanned by the displacement measurements. Figure 2c shows the SSMI velocity vectors relative to the camp velocity for a sample day, and Figure 3c shows the number of daily SSMI reports within 400 km of the camp.
RGPS
[16] The Radarsat Geophysical Processor System (RGPS), operated by the Polar Remote Sensing Group at the Jet Propulsion Laboratory, uses sequential 100-m resolution Radarsat backscatter images of the ice and a maximum correlation technique to determine ice displacement Kwok, 1998 ; Web site http://www.radar.jpl.nasa. gov/rgps/radarsat.html]. The RGPS is designed for tracking ice across the entire Arctic Basin, but a special effort was made to track ice in the vicinity of the SHEBA camp on an accelerated schedule [Stern and Moritz, 2002] . As a result of this effort, ice motion vectors for a 200-km square centered on the camp are available. These vectors are independent from one sample interval to the next and do not represent extended Lagrangian trajectories as in the normal RGPS products. The vectors are spaced at 5-km intervals, but the image overlaps are often not sufficient to map the entire square. The record begins at 1 November, day 305, and extends to the end of the experiment on 8 October, day 646. There was a 16-day gap starting in late December. The intervals between images ranged from 0.4 to 6.0 days and averaged 1.7 days. There was little structure in the summer backscatter images, so tracking proved to be difficult and a reduced number of displacement vectors were found. A problem with the geolocation procedures for this preliminary set of images caused occasional large errors (several kilometers). The ship appears, however, in all of the images as a very bright point and is easily located, so the ship's position was used to geolocate the images with an estimated uncertainty of 0.2 km. The correlation procedure is accurate to within one pixel (0.1 km), and the individual displacement errors are about 0.2 km. The relative displacement errors, which determine the deformation error, are less than 0.1 km.
[17] A second RGPS data set is also available, extending over a much greater area, including most of the Chukchi and Beaufort seas almost to the pole. This data set tracks a much larger set of points, initially on a 10-km grid, in a Lagrangian fashion. The spatial extent is much greater, but the temporal intervals are generally 3 days instead of 1 or 2 days in the special SHEBA data set and the initial spacing of the points is 10 km instead of 5 km. Both data sets are used in the data fusion procedures. When the sample intervals are identical and the points tracked are very close together, displacements from the two data sets agree to within 0.1 km, one pixel in the backscatter images. The Lagrangian data provides both the trajectories of individual points from the beginning of the season as well as information about the deformation of the 10-km cells formed by the individual points. The area change of the cells and the four components of the deformation tensor are provided for each observation interval. The observation times and intervals in the data set are not uniform and depend on the time and location of the backscatter images obtained for analysis.
[18] The error in the 24-hour velocity estimates obtained from these data increases with the sample interval. Investigations with one full year of IABP buoy data suggest that the error increases as the log of the interval ÁT ab = t b À t a . The error in estimating the 24-hour velocity from a measurement taken over ÁT days was found to average
for up to 6 days.
[19] Although the errors for individual daily velocity estimates can be large, the strength of the RGPS is in accurately determining the relative displacements of a large number of points and mean deformation of the ice over the sample interval. The mean deformation calculated directly from the displacement vectors is quite good, and is used in place of the deformation estimated from the interpolated velocity fields when and where RGPS measurements are available. The RGPS velocity field for a sample day is shown in Figure 2d , and Figure 3d shows the number of daily RGPS displacement vectors obtained throughout the year. Note the lack of data in October, the gap starting in late December, and the reduced number of determinations in August.
[20] In summary, the buoys have RMS position errors between 0.1 and 0.3 km and velocity errors between 0.07 and 0.21 km d
À1
. The standard deviation of the ice velocity during SHEBA is 6.1 km d
, so the skill of the buoys is better than 99%. Between 1 and 17 buoys are available on any given day. The AVHRR data set has numerous observations in the winter months and generally good spatial coverage. The data continue into July. The errors in the velocity, however, range between 1.5 and 2.5 km d
, and the skill ranges between 83 and 94%. The SSMI system has more consistent coverage but extends only until the end of May. The 2-day displacement measurements estimate the 1-day velocity with an error of 3.8-6.2 km d À1 , with a skill of between 60% and zero, depending on the quality code. The skill of the geostrophic-wind-based ice motion, with an error of 5.4 km d
, is just 22%. There is no simple expression for the RGPS error in estimating the 1-day velocity, since it depends on the sample interval and its relationship to the 0000-2400 UT day. It ranges from 0.1 to 4.0 km d
, with a skill level of between 57% and 99%. The RGPS gives an excellent estimate of the deformation rate when it is available.
Data Fusion Procedures
[21] The velocity field for this study is determined at a grid spacing of 25 km. The interpolation procedures smooth the field to at least this resolution; when the observations are far between or have large error, the smoothing is greater. Our preferred scale for the deformation estimates is 100 km, four times the basic grid spacing. The time interval of the analysis is 24 hours, and the velocities and deformations are estimates of the mean velocity and deformation for the period 0000 -2400 UT. This time interval is a compromise between the desire to resolve as much of the ice velocity variance as possible and the temporal and spatial sampling of our data sources. It also matches the requirements of many modelers. The period analyzed extends 371 days from 2 October 1997 (day 275) to 7 October 1998 (day 645).
[22] The optimal grid spacing depends both on the nature of the field and on the uses to which it is to be put. Highresolution images of ice deformation often show the ice to move in semirigid plates [Richter-Menge et al., 2001; Stern and Moritz, 2002] . These ephemeral plates form and are broken as deformation is concentrated along cracks. When the deformation includes opening, these cracks are seen as leads and, when the deformation includes closing, ridges form. Often the deformation is mostly shear and little ice area is created as leads or lost as ridges [Thorndike, 1986; Stern et al., 1995] . The existence of these plates and cracks implies that the velocity of the ice is discontinuous, in that at some points lim Áu/Áx is not defined for small Áx. This has important implications for estimates of the deformation, since the estimate will be a function not only of the ice movement but also of the spatial and temporal scale over which it is measured.
Velocity
[23] A two-prong approach is used to merge data from multiple sources with varying error characteristics and temporal sampling. Optimal interpolation (OI) is used for the daily synoptic measurements (24-hour displacements), and then a Kalman filter (KF) technique is used for integral measures of the displacement over several days (RGPS data). The OI procedure interpolates a number of observations, each with its own error characteristics, to a specific location in a manner that minimizes the error variance of the result. The KF procedure, on the other hand, merges a model state with measurements of quantities not directly modeled, also in a manner that minimizes the error variance of the result. The OI technique has been used by IABP for many years to estimate gridded fields of ice motion, and more recently by Meier et al. [2000] to assimilate buoy velocity data into an ice/ocean model. The KF technique for the integral displacement measures is new.
[24] The first step is to create a ''first-guess'' velocity field based on all of the synchronous measurements of ice velocity, i.e., estimates of the 24-hour displacement corresponding to the period 0000-2400 UT. These include the buoy motions, AVHRR-based estimates, SSMI-based estimates, and estimates of the ice velocity from geostrophic winds. All of these measurements are merged with OI procedures to determine a temporally and spatially complete data set similar to the techniques of Fowler et al. [1994] and Meier et al. [2000] .
[25] Optimal interpolation, also known as Kriging, was introduced to the geophysical community by Gandin [1965] . Given the location and error covariances of a set of observations, OI gives the interpolated value with minimum error variance at an arbitrary point. Interpolation of vector fields is more complex than for scaler fields, in that the OI procedures require estimates of the spatial correlation functions for the two components of the ice velocity, functions that are not identical. Thorndike [1986] suggested using different correlation functions to represent the statistical properties of the ice motion for the components parallel and perpendicular to the line connecting two points. The functions were
for the component parallel to the separation vector, where r is the separation distance and L is the correlation length scale, and
for the component perpendicular to the separation vector. As Thorndike pointed out, this formulation is derived from a stream function ψ, which is, by definition, nondivergent and hence always results in a nondivergent vector field even in the presence of highly divergent measurements (the interpolated fields can look quite bizarre in the case of highly divergent observations). Moritz [1988] suggested using a formulation derived from both a stream function ψ and a potential field c (always divergent with no vorticity). The velocity fields associated with these two functions are u ψ = k Â rΨ and u c = rc, and the velocity field is assumed to be the sum, u = u ψ + u c . The correlation functions derived from these two fields involve two additional parameters: the ratio of divergent to non divergent length scales, g = L c /L ψ , and the ratio of the variance of divergent velocity to the variance of total velocity, h = s u x 2 /s u 2 . The correlation functions are
and
If h = 0.0, the nondivergent Thorndike formulation results.
Values of g = 7.0 and h = 0.1 with L = 700 km are used in this study; these values were selected to minimize the bias in the computed standard deviation of the divergence compared to the direct measurements from RGPS. However, the best values for these parameters are still uncertain and may have significant seasonal and regional variability.
[26] The RGPS displacements span periods between 0.4 and 6.0 days. The error variance of the 24-hour displacements estimated from the longer time intervals can be quite large, yet the measured displacement error over the sample period is very small, on the order of 0.2 km. These data are treated with a Kalman filter technique [Thomas and Rothrock, 1993; Dee, 1991] . The KF is a method for combining observations with a physical model or first-guess field in order to achieve an optimal estimate of the model variables. In this case there is no physical model, just a first-guess field and additional observations used to improve our estimate of the velocity. The velocity estimates are not treated in strict temporal sequence; instead, each set of RGPS displacement measurements is assimilated in turn, and several days of velocity estimates are updated simultaneously.
[27] Each set of RGPS displacement observations consists of the ice movement over the time interval [t a , t b ] at many locations either on a 5-km grid (up to 1700 in one set), or from more randomly located vectors from the Lagrangian data set. The displacement vectors are converted to velocities by dividing by the time interval, t b À t a . To reduce the number of vectors and to simplify the measurement model, all the RGPS velocities are interpolated to the grid locations using optimal interpolation.
[28] The following procedure is applied one grid point at a time. Let F be a column vector of length n days consisting of the complex first-guess ice velocity estimates at one grid point for all time points that span the RGPS measurement. Let P be the error covariance matrix for F, and let Z be the single interpolated RGPS vector velocity measurement for the grid point with measurement and interpolation error R z , a real scaler. The mean velocity of the ice corresponding to the interval spanned by the RGPS measurements can be estimated from the first-guess field with a linear operator H (a row vector),Ẑ
For example, if n days is 4, and the center times (in days) of the first-guess vector are [T 1 , T 2 , T 3 , T 4 ], then
The Kalman filter update step yields a refined estimate of the velocity, the vector G;
where the KF gain vector is
The estimate of the error covariance is updated by
where I is the identity matrix. The updated velocity vector G is a weighted combination of the first guess F and the measurement Z. The temporal variability of the velocity in the first-guess field is maintained under the constraint that the integral of the velocity over the time of the RGPS measurement match the measurement. The velocity at times when the first-guess error is large is subject to larger modifications than at times when it is relatively small. If all of the first-guess errors are identical, the procedure amounts to a uniform application of scale and turning factors so that the integral of the velocity over the measurement interval equals the measured displacement. The resulting fields are called the ''revised'' estimates.
Deformation
[29] The deformation rate is computed from the interpolated velocity estimates. The three invariants of the deformation rate (divergence, shear, and vorticity) are
and the total deformation rate is the quantity
where _ e is the strain rate tensor.
[30] To obtain the spatial derivatives, an approximation is used of the line integral around the outside of a set of points. If (x i , y i ) are the locations and (u i , v i ) are the velocity components for n boundary points forming a cell, then
with the other partial derivatives being formed in a similar manner. The area is given by
[31] As will be seen, the final results for the deformations do not agree in detail with the measurements made by RGPS in spite of the KF procedures. The spatial and temporal interpolation and smoothing of the RGPS velocities to the grid points adds uncertainty to the daily velocity estimates and to the estimated deformation rates. The direct RGPS estimates of the deformation, when and where they exist, are by far the most accurate. Hence, in order to obtain the most accurate final deformation fields, the direct estimates of the deformation from RGPS are substituted for the deformation estimates obtained from the best-guess velocity fields to form a ''final'' deformation estimate.
[32] But there are two relevant RGPS data sets, the special SHEBA 5-km data and the standard Lagrangian data. The first gives more temporal and spatial detail but has limited spatial extent and some data gaps. While the two data sets agree where observation intervals and locations match, the average deformation computed from the two data sets have small but important differences due to different sampling procedures. The best estimate of the deformation is from a combination of the two. The following procedure is used.
[33] Daily components of the deformation tensor estimates for each of the two data sets are computed independently. For the SHEBA special data set the components are found by using equation (19) and its cousins for all displacement vectors within 50 km of a grid point. For the Lagrangian data set the area-weighted average of the components is found for all cells within 50 km. The weighted-average of the two is found with weights A/Át, where A is the area and Át is the average observation interval. At locations where the SHEBA special data set dominate, the lower observation intervals will favor the special data set, and at times where the special data set is absent, the Lagrangian data set is used. These deformations, when they exist, are then used in lieu of those calculated by the KF procedure. While the KF procedure has helped in refining the estimates of the velocity fields, the resultant deformation fields can not be as accurate as those calculated directly from the RGPS observations.
[34] The need for adjusting the deformation with the RGPS values when available is indicated in Figure 4 , which shows the integrated area of a region centered on the ship when using the initial KF revised velocity estimates and the direct RGPS estimates of the divergence. The relative area is found from the cumulative product
where A 1 = 1, and Át = 1 day is the time increment. The figure shows that the estimate of the net area change over the year is nearly the same for the two methods, but the RGPS adjusted divergence is substantially larger in the early winter. This can have important ramifications for the evolution of the ice thickness distribution.
Errors
[35] Errors in the velocity estimates are estimated in tandem with the velocities themselves. Figure 5 shows a time series of the velocity error after the first-guess interpolation for the buoy, AVHRR, and SSMI measurements for a point 100 km from the camp. (At the camp, error in the velocity is quite small because of the position measurements made on the ship.) The figure shows that the buoy errors are small for this location, but that at certain times, for example in August, the error increases. The AVHRR error is usually large, but occasionally it drops to near 0.5 km d
À1 . There are large changes in this error, depending on the time and location of the points that were successfully tracked. The SSMI errors are commonly near 1.5 -2.0 km d À1 . The alternating high and low values arise from the 2-day intervals over which the ice is tracked. The lower errors are associated with the days spanned by the tracking. It is clear from these plots that, near the camp, the buoys offer the most accurate estimate of the velocity and will dominate the analysis. Near the edge of the domain, where there are few buoys, the satellite-based estimates offer more help.
[36] Errors in the deformation rates are much more difficult to assess. An upper bound can be estimated from the propagation of errors if we assume that the errors in the velocity are independent. If the errors from point to point are positively correlated, then spatial differences are less uncertain because the errors in the velocity can cancel. The uncertainty in the deformation (assuming independent errors and square cells) is derived from equations (15), (16), (17), (18), and (19). The errors in each of the three components and in the total deformation rate are all the same:
where A is the area of the cell for which the deformation is calculated, Áx is the grid spacing, n is the number of points around the edge of the cell, and u is the mean uncertainty in the velocity estimates. At the smallest scale, A = (25 km) 2 , Áx = 25 km, n = 4, and u = 0.2 km d ffiffiffiffi N p times the uncertainties in the daily values, where N is the number of days averaged (assuming independent errors). The uncertainty in the annual mean is then e def = 0.001% d À1 when using the direct RGPS e def value. The mean total deformation for the year, 2.21% d
À1
, and the net divergence for the year, 0.03% d À1 , are both seen to be significantly different from zero.
Results: Ice Motion and Deformation Estimates
[37] Considering a single day only, Figure 6 shows the refined estimate of the velocity field relative to the camp's velocity for day 377 (the same day as Figure 2 , which shows the individual measurements) and the uncertainty in the estimate. In the vicinity of the camp, the errors are a little less than 0.2 km d À1 and increase to 0.4 km d À1 near the edges of the domain. The interpolation and filtering techniques have smoothed the field compared to what is seen in the raw RGPS 5-km data, which often show sharp discontinuities associated with slip lines and plates.
[38] Time series of the ice speed and deformation are shown in Figure 7 for a 100-km region centered on the camp. The ice speed rises occasionally to as high as 30 km d
À1
, times associated with periods of strong winds. There are strong deformation periods in mid-November, late January, late July, and most of August. A notable period of quiescence occurred in April. The shear dominates the total deformation, so the time series of the total deformation SHE is similar to that of the shear. The turning rate (vorticity) is occasionally as high as 5°d À1 but is generally small. Note that the character of the deformation changes abruptly in August and September and becomes larger and more variable, a pattern that may be characteristic of the summer ice pack. In the summer, the RGPS displacement measurements show that the plates that were often seen in the earlier months are absent, and the size of the regions with coherent motion is much reduced.
[39] Table 1 shows the monthly mean and standard deviation of the RGPS-adjusted components of the deformation rates for a 100-km square centered on the camp. Also shown are the values for the entire 371-day period. The total deformation rate averages 2.21% d À1 and is highest in January. The annual mean divergence at the camp is 0.03% d
, and its standard deviation, 0.69% d
, is less than half that of the total deformation. Most of the deformation is shear, so the shear values closely follow the total deformation, although they are somewhat smaller. The vorticity shows generally anticyclonic turning in the winter and cyclonic turning in the summer. The net vorticity over the year amounted to an anticyclonic turning of 87°. This turning is composed of both large-scale solid-body rotation and shear, so the values do not always match the observed solid rotation of the camp flow. The monthly standard deviation of the vorticity was generally larger than the mean values, indicating a great deal of back-and-forth turning and/or shear.
[40] The mean motion, relative to the camp, and the mean uncertainty for the entire 371 days are shown in Figure 8 . The mean uncertainty increases from a little over 0.2 km d À1 near the camp to over 0.4 km d À1 near the edges, reflecting, more than anything, the density of buoy observations. The relative mean motion is in excess of 2 km d À1 well away from the camp. The mean motion shows a broad pattern of shear along a line from the upper left to the lower right. It appears that the camp is on a narrow shear line because the velocity field in the figure is drawn relative to the mean camp velocity. Also shown in Figure 8 is the mean total deformation determined from the RGPS-adjusted deformation estimates. The figure shows somewhat more deformation south and west of the camp than to the north and east. Since the camp was near the ice edge at the beginning of the experiment as well as at the end, this result may reflect the increased deformation rates expected near the edge of the pack. The southern edge of the region was also nearer the coast. Richter-Menge et al. [2001] also show that for selected days the ice deformation observed with RGPS increases near the coast.
[41] The cumulative total deformation for the camp and for the four corners of a 200-km square is shown in Figure 9a . This figure illustrates some of the spatial and temporal variability of the deformation. The total deformation for the year is larger at the camp than at the two corners to the north but less than at the two corners to the south. The total deformation is greatest in January and August. While the mean divergence is small, the effects accumulate over time, and the net divergence is an important indicator of the evolution of the ice. Figure 9b illustrates the relative area Figure 6 . Estimate of the velocity field relative to that of the camp for day 377 (12 January 1998) and the uncertainty in the velocity estimate. of the same points. It shows that the divergence at the camp exhibits three phases. The first, lasting until mid-January, is marked by strong divergence, with the relative area increasing by 50% at the camp. During this time the camp was drifting westward and, because of the large extent of open water in the Chukchi Sea the previous summer, much of the ice to the west was new and likely quite weak. A large opening/closing event occurs in the last half of January. The second phase, lasting until the end of July, consists of a slow, generally continuous, convergence. During this time the camp drifted north, toward the consolidated pack of the interior of the basin. The final period, characteristic of the summer pack, begins with a strong opening event at the end of July and the beginning of August, followed, at the camp, by an equally strong closing event. The pack then experienced a sequence of random convergence/divergence events, with a net opening in some areas and a net closing in others. The pack to the south and west exhibited large divergence while at the camp there was a small convergence. There is considerable spatial variability in the net divergence estimates over the year, as shown by one corner southwest of the camp that more than doubles in size, while the camp and the corner northeast of it show little net change in their areas. The relative area of the camp is just 10% greater at the end of the year.
[42] Two strong divergence/convergence events occurred, one in late January and a second that started in late July and extended into August. Both events were associated with strong wind storms, but the winter event occurred in a consolidated pack that was pushed against the coast, and the summer event was in an unconsolidated pack. The events were also observed at the camp through instruments, airborne photography, and considerable disruption of the camp facilities. Aerial surveys of the ice were conducted during the summer from a ship-based helicopter within a 50-km region centered on the ship [Perovich et al., 2002] . The amount of open water seen in helicopter surveys increased from 5% in mid-July to 18% in early August, after the opening event detected in our data. Richter-Menge et al. [2002] analyzed the changes observed in the heat content of the ocean associated with this storm and found that there was an increased rate of melting on the bottom of the ice and that the warm, fresh water that had formed in July on the top of the leads had become mixed.
[43] The internal stress in the pack was measured at eight sites near the ice camp during SHEBA by Richter-Menge et al. [2001] . Modest stress events in early December were accompanied by relatively minor deformation rates. A period of low stress in mid-January was marked by slowly increasing deformation. At the end of January, the deformation rate began to increase and changed from divergent to strongly convergent, and at that time the internal stress increased dramatically. Some additional interesting comparisons can ). be made between the Richter-Menge et al. 's [2001] time series of the average internal stress and the time series of deformation presented here. The deformation was small from mid-February to March and April, but the internal stress did not drop significantly and remained relatively high until the end of the stress record in early April. It appears that in the early part of the season the stress levels were low, even though there was significant deformation. Later, in the early spring, the stress was much higher for similar deformation rates. As Richter-Menge et al. [2001] points out, this increase in the stress may be due to a strengthening of the pack during the winter and related to a switch from divergent to convergent flow associated with the pack pushing against the Siberian coast.
[44] The net deformation at the camp is seen in the trajectories of four points, which were initially set on a 50-km square centered on the camp (Figure 10 ). The trajectories, relative to the camp, show that the region became highly deformed over the course of the year. The southwest corner was pulled over 100 km farther to the southwest while the northeast corner was pulled over 100 km to the east.
Discussion and Conclusions
[45] The motion of the ice in the vicinity of SHEBA camp has, for the first time, been measured with sufficient detail over a whole year to determine the deformation with a high level of accuracy and spatial sampling. The SHEBA measurements have been used to create a set of daily gridded ice velocity and deformation rate estimates for a 371-day period suitable for use as forcing parameters in a model of the ice thickness distribution. The methods used for creating the data set include vector optimal interpolation to merge synchronous measurements and a Kalman filter procedure to incorporate integral measures of the displacement. These revised ice velocity fields were then used to determine the daily deformation rates of the ice on a scale of 100 km. The deformation rate estimated from the merged velocity estimates is not as accurate as that determined directly from the RGPS displacement vectors, and an adjusted set of deformation fields was determined in which the direct RGPS measurements, when they were available, replaced those obtained from the merged velocity fields.
[46] Because of this final adjustment, the best estimates of the deformation rates are not entirely consistent with the best estimates of the velocity. This may not be a serious problem, since the deformation rates are intended to be used by Lagrangian single-column models centered on the SHEBA camp. These models can use the deformation rates directly to compute ridging and opening processes and would not need to compute a deformation from the velocity field. The deformation rates could also be compared to the rates computed by basin-scale models for the SHEBA location.
[47] The total deformation averaged 2.21% d À1 with an uncertainty of less than 0.01% d À1 . The net divergence at the camp was just 0.03% d
À1
; however, it is significantly different from zero. The standard deviation in the divergence was much larger, 0.69% d À1 . The deformation fields show significant temporal and spatial variability. There was a period of opening in the early winter that ended with a large opening/closing event in mid-January. Most of the late winter and spring was characterized by convergence or closing. At the end of July there was another strong opening/closing event, followed by a month of strong deformation and gradual closing. The times of maximum deformation were in January and August. In contrast to the camp, regions 200 km south of the camp experienced strong net divergence in which the relative area approximately doubled.
[48] The Arctic Ice Dynamics Joint Experiment (AID-JEX) also measured the deformation of the pack ice in the Beaufort Sea by tracking the locations of three camps in 1975 and 1976. The total deformation rate averaged 2.1% d
, measured at a spatial scale of about 200 km [Thorndike, 1986] . This is the same as the value found for the winter (through the end of May) during SHEBA, measured at a spatial scale of 100 km. The deformation rate estimates are the same, but the number of measurements and the scales of measurement are quite different.
[49] The existence of semirigid plates complicates the measurement of deformation with a small number of velocity observations, in that the computed deformation depends on the spatial arrangement of the observations and the cracks. To compute the relative motion of two plates properly, their motion should be resolved in components perpendicular and parallel to the slip lines that separate them. This requires the detection of the location and orientation of all of the active slip lines and estimates of the velocity of each of the plates. For example, if measurements are made at just the corners of a square that includes a crack and the crack is diagonal to the square, any shear along the crack will be measured as opening or closing even if none occurred. The error is zero if the crack is parallel to a side of the square and maximum if it is diagonal. The error is reduced if the number of points defining the cell is increased. Thorndike [1986] analyzed the error in the spatial derivatives computed with an increasing number of points forming the boundary of a cell and found little improvement for more than six or seven points. Thorndike's analysis is consistent with the uncertainty estimates shown in equation (22) . The RGPS data indicate the existence of many linear deformation zones, but the limited spatial and temporal coverage precludes the detection of all of the cracks, and sometimes the deformation zones are not well characterized as linear slip lines, complicating the interpretation of the data.
[50] The estimated uncertainty in the merged velocity fields is close to 0.2 km d À1 near the camp and close to 0.4 km d À1 near the edge of the box. The uncertainty in the daily deformation near the camp is about 0.19% d À1 for estimates from the merged velocity fields and 0.06% d À1 for the direct RGPS estimates. The skill in the total deformation estimates using the RGPS direct estimates is 99%. Although a best estimate has been made of the ice motion and deformation, there are significant variations in the accuracy of the estimates, and there may be significant changes in the estimated deformation due to the changing mix of observations. When there are few observations to supplement the winds, for example, the ice motion fields are much smoother, and consequently the calculated small-scale deformation rates are much smaller.
[51] Two additional potential sources of error that arise when merging observations obtained at random times to estimate ice motion over synoptic times (e.g., 0000 -2400 UT) are inertial oscillations and tides. These two sources of motion can produce substantial oscillatory motion in the pack but, well away from the coasts, do not contribute significantly to the deformation, since the pack mostly moves as a unit in response to these forcings. For asynchronous observations, inertial oscillations and tidal motion may appear as spurious deformation and can contribute to the error in the estimated deformation rates.
[52] Data from this study have been submitted to the SHEBA data archives operated by the NCAR Joint Office for Science Support (Web site: www.joss.ucar.edu). Included in the data set are the fields of daily velocity, the velocity uncertainty, the deformation rates estimated from these fields, and the daily deformation rates estimated from the RGPS. The 17 Â 17 grid is centered on the ship and is aligned with the SSMI grid, used by the RGPS, with a spacing of 25 km.
